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Biological structures that develop incremental growth patterns over time present a unique 
opportunity to study chronological aspects of the organism’s chemical environment. 
Spiny Dogfish (Squalus suckleyi), an abundant shark species, develop two dorsal spines 
that exhibit this type of growth pattern. The growth patterns on these spines have been 
used extensively as indicators of age. However, the chronological patterns of trace metal 
deposits in these spines have yet to be assessed. The main goals of this study were to 
develop the methods for analyzing this chronology and to explore techniques to analyze 
these data.  
 
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is a recently 
developed analytical technique for studying spatially-distributed elemental compositions 
in solids. LA-ICP-MS was used to quantify the concentrations of zinc and strontium 
across the life histories of 18 Spiny Dogfish. Metal accumulation and size differed 
between sharks caught at two sampling locations. This method was able to 
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INTRODUCTION 
NON-LETHAL SAMPLING IN FISH 
Non-lethal sampling methods in fish can reduce the risk of adverse impacts to the studied 
population. These sampling methods, however, often greatly limit the type of studies that 
can be performed. Non-lethal sampling methods to examine the concentrations and 
accumulation of toxics are limited and in many cases not present. Part of the reason for 
this is that organs that tend to accumulate high levels of these toxicants, such as the liver, 
can be difficult to sample without doing permanent damage to the fish. There are ways to 
get around some of these problems. Fin tissue has been examined as a non-lethal 
surrogate for muscle tissue (Tronquart et al. 2012). Tissue plugs and biopsies are also 
used to avoid having to sacrifice the fish, but these too are limited in their applications as 
they only contain information on that tissue at the current point in time. Spiny Dogfish 
(Squalus suckleyi) offer a good opportunity to employ non-lethal sampling methods as 
the spines growing in front of each dorsal fin can be removed non-lethally and contain a 
number of clues about the shark’s life history. The spines, however, also have limitations. 
Toxicants incorporated into the spine may not be bioavailable, so measures in the spines 
may not provide toxicologically relevant data.  
 
SPINY DOGFISH 
The Spiny Dogfish, is an abundant shark species found throughout the northern temperate 
waters of the Pacific and Atlantic oceans. Until recently Pacific and Atlantic Dogfish 
were considered to be one species, Squalus acanthias, but are now classified as two 
separate species, Squalus acanthias, the Atlantic Dogfish, and Squalus suckleyi, the 
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Pacific Dogfish. Individuals are slow-growing and often live more than 80 years (Rice et 
al. 2009). Spiny Dogfish are commercially important and have a long history of 
commercial exploitation. From the 1870s through 1950, dogfish were caught for their oil, 
which was used for lubrication, lighting and fertilizer. Additionally they were caught for 
their livers, which are rich in vitamin A. In 1959, the United States implemented a series 
of subsidized programs to eradicate dogfish to reducing the harm they were perceived to 
cause to other fisheries. In 1975 a shift towards assessing and managing dogfish stocks 
began (Beamish et al. 2009). Currently, there are several small commercial dogfish 
fisheries in British Columbia and Washington State. Spiny dogfish are also often caught 
as bycatch in the Gulf of Alaska by other fisheries (Rice et al. 2009). 
 
Despite a long history of interest in their commercial uses and roles in marine 
ecosystems, there are still large gaps in knowledge of the seasonal activity patterns of 
Spiny Dogfish. In tagging experiments, dogfish found along the Pacific coast have 
exhibited north-south seasonal movements (Taylor et al. 2009). Dogfish within Puget 
Sound, the Strait of Georgia and the Straight of Juan de Fuca, on the other hand, have 
been observed to remain within the same basin. In tagging studies, up to 81 percent of 
dogfish released were recaptured within the same basins within Puget Sound. Most 
dogfish recaptured outside their release basin were found in an adjacent basin (Taylor et 
al. 2009). Locally, schools of juveniles have been found moving through eelgrass habitat 
in waters less than 1 m deep at night in Padilla Bay in early spring (Leo Bodensteiner, 
personal communication). However, on a larger scale, they do not appear to exhibit 
specific habitat requirements. They seem tolerant of human disturbance, and they have 
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been captured in contaminated sites such as Bellingham’s Whatcom Waterway. Because 
they feed on benthic prey, they are likely exposed to pollutants such as heavy metals. 
LA-ICP-MS 
Inductively coupled plasma mass spectrometry, or ICP-MS, is an analytical technique 
that is used to determine element presence and quantity. Samples are ionized by an argon 
plasma torch and separated and measured by the mass spectrometer. Laser ablation 
allows this type of elemental determination to be performed on a solid sample. LA-ICP-
MS is commonly employed in geologic, chemical, biological and forensic research and 
has been successfully used to examine trace metals in fish (Outridge et al. 1995). 
 
METAL ACCUMULATION IN FISH 
Accumulation of heavy metals in fish otoliths and spines has been used as an indicator of 
exposure (Arai et al. 2007, Ranaldi and Gagnon 2010 and Outridge et al. 1995). Spines, 
otoliths, and other similar structures show incremental growth patterns over time, which 
can create unique research opportunities as they catalog chronological details about the 
organism’s chemical environment (Outridge et al. 1995). Using analytical techniques 
such as LA-ICP-MS, the elemental concentrations and the corresponding spatial data can 
be studied. Laser Ablation ICP-MS has been used to determine concentrations of metals 
in the otoliths of several fish, including: Pink Snapper, Pagrus auratus (Ranaldi and 
Gagnon 2010); Sand Goby, Pomatoschistus minutus, (Geffen et al. 1998); Albacore 
Tuna, Thunnus alalunga, (Davies et al. 2011); and Chum Salmon, Oncorhynchus keta, 
(Arai et al. 2007). Softer tissue, such as cartilage, is more challenging, but this technique 
has also been used to examine vertebrae of cartilaginous fishes such as the Round 
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Stingray, Urobatis halleri (Hale et al. 2006), Pig-eye Shark, Carcharhinus amboinensis 




Aging cartilaginous fishes can be challenging because of the lack of calcified tissue. 
Counting annual bands in vertebrae is the most commonly used method for estimating the 
age of elasmobranchs such as sharks and rays. An annual band (annuli) occurs as a dark 
and light concentric ring around the center of a vertebra (Irvine et al. 2006a), but this 
method does not work with Spiny Dogfish because they have poorly calcified vertebrae 
that do not exhibit banding (Irvine et al. 2006b). However, the dorsal spines of Spiny 
Dogfish are calcified to a greater degree than any other part of the fish and do show 
annual development, so this method has become the accepted way to estimate age in 
these sharks (Holden and Meadows 1962). Squalus suckleyi have two dorsal spines, one 
anterior to each of the two dorsal fins. The posterior spine is typically used because it has 
clearer annual markings and tends to be less worn.  
 
In Spiny Dogfish spines, annual growth bands are observable in three areas: on the inner 
dentine (Figure 1), which is visible as a series of concentric rings when the spine is 
viewed as a cross-section, on the mantle (Figure 2), and at the stem-base. The marks at 
each of these locations are thought to develop independently of each other (Beamish and 
McFarlane 1985), but all are considered appropriate for age estimation (Tovar-Avila et al. 
2007). These methods of age estimation have been validated by tagging fish with 
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oxytetracycline (McFarlane and Beamish 1987) and by bomb radiocarbon tagging to look 
at subsequent growth patterns (Campana et al. 2006). 
 
 
Figure 1. Representation of inner dentine cones of a four-year-old fish. 
 
 




The objectives of this research are to develop a non-lethal sampling method for 
determining the presence and quantity of metals and to develop a chronological record of 
accumulation in Spiny Dogfish. The methods will be applied to Spiny Dogfish from two 




For this research, Spiny Dogfish spines will be collected. These spines will be analyzed 
using LA-ICP-MS to look for concentrations of heavy metals that have been deposited in 
the spine matrix. The concentration of these metals will be related to the chronology of 
the shark and any patterns observed will be described. Concentration and deposition of 




Samples for Development of ICP-MS and Aging Techniques 
To develop the techniques for metal analysis and aging, 10 S. suckleyi specimens, 
donated by Bornstein Seafoods, Inc., were processed. The fishing boat carrying these 
sharks arrived in Bellingham, WA, on February 10, 2011. The sharks were obtained on 
the date of arrival and transported on ice to the lab where sex was determined and length 
was measured with the shark’s tail depressed in line with the axis of it’s body. As the 
sharks had been dead for days, weight likely changed, and so it was not measured. A 
sterile scalpel was inserted at the anterior base of the spine, less than 3 mm below the 
surface of the skin, and the connective tissue was severed. The scalpel was used to cut the 
remaining tissue to free the spine. Spines were sealed in clean polypropylene sample 
tubes, and placed in a freezer at -26 degrees C for storage. Sharks obtained from 
Bornstein Seafoods, Inc. were used only in developing the LA-ICP-MS methodology and 




Burrows Bay Field Collection 
On September 8, 2011, 13 dogfish spines were collected from Burrows Bay near 
Anacortes, WA. Four longlines, with circular hooks baited with pieces of Pacific Herring, 
were set from a Shannon Point Marine Center research vessel. Twenty-one to 24 baited 
hooks were set per line. The hooks were spaced 30 feet apart. The lines were allowed to 
soak for three hours before being pulled in.  
 
A total of 13 dogfish were captured. The hook was removed from each dogfish 
immediately after it was brought on board and then the dogfish was placed into a 50-
gallon plastic tub filled with fresh seawater. After the entire line was pulled, each shark 
was removed from its separate tub and measured to the nearest mm with its tail depressed 
to align it with the axis of its body. The shark was then dorsally-ventrally inverted for a 
few seconds to induce tonic immobility. The shark was then weighed using an Extech 
Instruments digital hanging scale. A bone clipper was used to clip the posterior dorsal 
spine right below the surface of the skin. A sterile scalpel was used to cut any remaining 
connective tissue. A dab of cyanoacrylate adhesive was applied to seal the wound and the 
shark was released back into the bay. The time that the shark was out of the water, 
between being removed from the tub and released back into the bay, was minimized to 
limit the stress to the shark. This duration was measured for a few example specimens 
and ranged from 30 to 60 seconds. Collected spines were placed into individual 
polypropylene sample tubes and stored on ice until they could be transported to the 




Bellingham Bay Field Collection 
On October 14, 2011, six S. suckleyi samples were collected near the Lummi Island ferry 
landing in Bellingham, WA. These sharks were caught in Bellingham Bay as bycatch of 
the salmon fishery. The sex was determined for each shark, and the length was measured 
to the nearest millimeter. As the sharks had been killed prior to spine collection, weight 
was not measured. The posterior spine was then removed from each shark using a sterile 
scalpel. The collection and measurement of these sharks were consistent with those used 
with the Bornstein Seafoods, Inc. samples. Collected spines were placed into individual 
polypropylene sample tubes and stored on ice until they could be transported to the 




After all spines had been collected, the next step was to remove extraneous tissue and 
process them for analysis. Individual spines were removed from the freezer and 
submerged in boiling ultra-pure water, from a Barnstead NANOpure InfinityTM system at 
18.0 MΩ-cm (NANOpure), for 30 seconds. Plastic tweezers were used to gently remove 
any remaining tissue. In cases where tissue was still present, the process was repeated. A 
dab of Murphy oil soap and a cotton cloth were used to remove the leftover oils present 
on the surface of the spine. The spines were then placed into clean polypropylene sample 
tubes. The lids on the sample tubes were left loosened to allow the spines to dry. The rack 
of all tubes was placed in a cleaned plastic snap lid box to reduce the chance of 
contamination during drying. At this point the shark spines were all given letter codes 
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that were used throughout the rest of the experiment to preclude bias that may be caused 
by knowledge of the sharks other attributes (Appendix A). 
 
To count the internal annuli and perform the metal analysis, it was necessary to cut and 
mount cross-sections of the spines. Each spine was cut two-thirds of the way from the 
annulus base toward the tip of the spine using an Ingram Laboratories Inc. Model 103 
thin-section cut-off saw. The tip piece was mounted to a frosted 5 cm-by-2.5 cm glass 
slide, using Devcon Fast Dry epoxy resin, with the cut surface down on the slide. One 
spine was mounted per slide. Slides were frosted, using an Ingram Laboratories Inc. 
model 303 thin-section grinder, prior to mounting the slides, to improve the adhesion of 
the epoxy. The slide was placed onto a hotplate to decrease the setting time of the epoxy 
and was allowed to dry for 15 minutes. The mounted spines were then ground to a 
thickness of 0.1-0.2 mm using an Ingram Laboratories Inc. model 303 thin-section 





Figure 3. Spine cross-section mounted in epoxy resin to a frosted glass slide. 
 
Equipment Decontamination 
Since metals were a focus of this research, precautions were taken to avoid contamination 
of the samples. All glassware, sample vials and applicable tools were decontaminated 
according to the following procedure. This procedure is based on EPA sampling 
equipment decontamination guidelines (1994). Equipment was washed using a non-
phosphate detergent. Following this, the equipment was rinsed 10 times using tap water 
and then 10 times NANOpure water. Equipment was then soaked for 24 hours in an acid 
bath containing 10 percent Fisher Scientific Tracemetal Grade Nitric Acid, diluted with 
NANOpure. Following this soak, the equipment was soaked for 24 hours in NANOpure 
water, following which it was rinsed 10 times more in NANOpure water and then 





Age determination was conducted by counting the internal annuli visible in the spine 
cross-sections. To view the annuli present in the inner dentine, each spine cross-section 
had to be cut to a thickness of 0.1-0.2 mm thick and bottom-lit. Annuli were counted 
using an Olympus CX41 compound microscope at 100 times magnification (Figure 4). 
The magnification was switched to 400 times when needed to examine difficult-to-read 
locations. Annular rings present in the inner dentine were counted three times to ensure 
an accurate reading. 
 
 
Figure 4. Inner dentine annuli from a cross-sectioned spine of shark B viewed at 100 X 





To sample the metals deposited in the spine, a laser transect was run perpendicular to the 
annuli to collect concentration data over the life of the shark. The spines were analyzed 
for copper, cadmium, chromium, zinc, lead, and strontium. 
 
LA-ICP-MS Instrument and Settings 
The laser ablation unit is a New Wave Research UP-213 system (λ=213 nm). All NIST 
glass standards and samples were pre-ablated prior to sampling. Pre-ablation involves 
running a laser transect with the same path and spot-size before data is collected to 
remove any surface contamination that may be present. A laser spot size of 55 µm was 
used for both ablation and pre-ablations. The pre-ablation scan was set at a scan speed of 
70 um/sec and a power of 30 percent at 10 Hz with a fluence of 0.40 J/cm2. During 
sampling, the scan speed was set to 15 µm/sec and the power was 80 percent at 10 Hz 
and with a fluence of 18 J/cm2. A 40-second laser warm-up time was used between the 
pre-ablation and ablation scans to ensure a consistent laser output.  
 
Decisions for the laser ablation unit settings were made by optimizing the spot size, scan 
speed, and power, one parameter at a time. Spot sizes ranging from 15 to 80 µm were 
tested. The goal of optimizing this parameter was to find the smallest spot size that did 
not negatively influence the element signals. Powers tested ranged from 50 to 100 
percent. Scan speeds between 15 and 40 µm/sec were tested. All of the tested scan speeds 
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resulted in a clear signal. The 15 µm/sec speed was selected, as it would allow for a 
greater amount of data to be collected.  
 
The ICP-MS, an Agilent 7500ce with a quadrupole detector, was run in spectrum mode 




Calibration of the LA-ICP-MS used four points: three standards and a blank. The blank 
was generated by collecting data on the ICP-MS without the laser running to measure the 
concentration in the helium carrier gas. The three standards were glass NIST 614, 612, 
and 610. A regression line for each element was generated (Equation 1). 
 
Equation 1. ICP-MS instrument calibration. 
Element Counts = slope * Concentration + Blank.  
 
The same laser ablation unit and ICP-MS settings were used during calibration as during 
data collection. The sample chamber was opened between each spine, to switch samples. 
After loading the next spine, the chamber was purged for 15 minutes and the instrument 
was calibrated. During calibration runs, data collection began 8 seconds after the laser 
transect began to give the instrument the best chance to stabilize, which would help to 





After each spine was analyzed, the NIST 612 standard was re-measured. The NIST 612 
runs were compared to ensure that operation of the laser ablation unit and mass 
spectrometer remained consistent throughout the analysis. The two analyses were then 
compared by calculating the percent difference, by element (Equation 2). If the percent 
difference exceeded 15 percent, the data for that sample’s transects were removed from 
further analysis. 
 
Equation 2. Check standard percent difference. 
Percent difference = ((X1-X2)/ (0.5*(X1-X2)))*100.  
X1: mean concentration of the initial NIST 612 analysis 
X2: mean of the second NIST 612 analysis  
 
LA-ICP-MS Data Collection 
Spine cross-sections were analyzed one at a time according to the following guidelines. A 
spine cross-section was loaded into the laser ablation sample chamber and the chamber 
was sealed. The chamber was then purged with helium for 15 minutes to clear any 
airborne contamination. Eight transects were sampled on each spine, with four runs on 
each of the lateral sides of the spine. The transects were mapped using the New Wave 
Research MEO Laser Ablation System software and using a camera mounted on the laser 
ablation system to view the spine. The ICP-MS analysis used Agilent Technologies ICP-
MS ChemStation Top software. Each transect started at the core/inner dentine boundary 
and moved outward. Four transects were run to the last visible annulus, while the other 
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four were run all the way to the edge of the spine, which includes the outer dentine and 
mantle material (Figure 5).  
 
The spines were viewed with transmitted light to accurately map the laser path. Twenty-
five data points were collected for each transect. For spines where the distance between 
the core and edge was greater than 1,000 um, 30 data points were collected. The ICP-MS 
began collecting and analyzing data when there were 6 seconds left of the 40-second laser 
warm-up time. There is a delay between when the sample leaves the laser ablation unit 
and when it reaches the mass spectrometer. To assure that all relevant data was captured, 
data collection began before the laser began its transect and continued after the laser had 






Figure 5. Laser ablation transects lines across the inner dentine of dogfish spines viewed 
under transmitted light. 
 
DATA ANALYSIS METHODOLOGY 
Trimming data 
Since the data collection began before the laser began sampling and continued after the 
laser had stopped, it was necessary to trim both ends of the data set to include only the 
relevant data. Start point and end point were defined as the first and last points that 
reflected measures in the inner dentine and would be used for the analysis portion. All 
data before the start point and after the end point were considered to be instrument noise 
and wash out, and were considered not related to the annuli. A problem occurred in 
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deciding how to make this decision. There were no established methods for determining 
this, and so several new methods were attempted (Methods Development). 
 
The developed method used, is as follows. Since data collection began at a consistent 
time in the laser warm-up period, the start point consistently aligned with the sharp spike 
caused by the spine passing through the detector. The start points for each transect were 
used to align all eight transects for an individual spine, creating eight corresponding 
points. To determine the endpoint, a standard deviation ratio was calculated for each of 
these corresponding points. Standard deviations were calculated for each replicate, where 
each replicate related to the corresponding points on all eight transects. A subset of these 
standard deviations was created, containing the points that were considered to be in the 
middle of the transect and were obviously part of the desired data. A mean of the 
standard deviations in this subset was calculated. The standard deviation of a given 
replicate was divided by the mean standard deviation to yield a ratio. The endpoint of a 
sample was established as the last replicate with a ratio less than two. 
 
Detection and Quantitation Limit Calculation 
The detection and quantitation limits were calculated according to the guidelines outlined 
by Harris (2010).  A value of the slope variable M was calculated. The standard 
deviation, S, was also calculated for each run of the NIST 614 sample data and detection 





Equation 3. Detection and quantitation limits 
M = (Ysample – Yblank) / sample concentration. 
Ysample: measured concentration of the NIST 614 glass standard. 
Yblank: measured concentration of the blank. 
Sample concentration: nominal concentration of the NIST 614 glass standard.  
Detection limit = (3*S)/M  
Quantitation limit = (10*S)/M  
 
The detection and quantitation limits were then applied to the corresponding data 
collected for each spine. Each metal in each spine was classified in one of three 
categories. Concentrations below detection limit were classified as undetected. 
Concentrations between detection and quantitation limits were classified as present but 
not quantifiable and were expressed as the range between the detection limit and the 





Concentration of metals, age, length, sex, and location of capture from spines that were 
above the quantitation limit and whose accompanying check standard percent difference 
were below 15 percent were statistically analyzed. Area-under-the-curve values represent 
the area under the curve for the median value plots for each spine by element, and these 




Boxplots were generated to look at the variability and ranges of area-under-the-curve, 
age, and length by sex and location. Histograms were also generated for area-under-the-
curve, age, and length by sex and location to look at the distribution of values.  
 
To examine the relationship of metal quantity, age, and length Kendall’s rank correlation 
was used to identify significant relationships. A p-value of 0.05 was the cutoff for 
statistical significance. The Kruskal-Wallis rank sum test was run to look for significant 
differences among area-under-the-curve, age, and length by sex and location. A p-value 
of 0.05 was used as the cutoff for significance. 
 
Clustering was also used to determine if sex or location of capture could be predicted by 
metal quantity, age, or length. Kmeans clustering was set to identify two groups since 
capture location and sex both have two possible options. Cluster assignment was 
compared with actual groups. Pearson’s chi-squared test (with Yates’ continuity 
correction) was used, with a p-value of 0.05, to test against the null hypothesis whether 
the generated clusters were random. Hierarchical clustering was performed using the 
Euclidian average method of distance determination. Clusters were plotted into 
dendrograms for interpretation. Two clustering methods were used to see if they 





LASER ABLATION SETTINGS 
An initial decision had to be made as to whether to use a series of individual spots or a 
continuous transect to sample the spines. The advantage of spot sampling is that it allows 
sampling exact locations. With spot sampling, several measures are taken at the same 
location, which can give a more accurate measure of a given point. However, preliminary 
runs showed that the laser would dig a pit, which can cause changing amounts of material 
to be sent to the detector. Running a transect can be advantageous because it allows for 
consistently spaced measures and is much less likely to cause the digging problem. 
Because of the variability of material amounts exposed by spot sampling, the transect 
method was used. 
 
Another consideration was the pre-ablation power to be used. Enough power was needed 
to ensure that the surface was cleared of external contamination; however, too much 
power could cause “hole digging,” resulting in an inconsistent signal. To test this, two 
practice spines were pre-ablated with 80, 55, and 30 percent power at 10 Hz. On each 
spine six transects were run, two at each pre-ablation power followed by a standard 
ablation pass at 80 percent power. This preliminary test indicated that 30 percent power 
would give the best results. 
 
TRANSECT ENDPOINT DETERMINATION 
During initial tests it was observed that the metal concentrations associated with the end 
of a transect tailed off. This made it difficult to determine the endpoint of relevant data. 
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To come up with a consistent way to make this determination, several methods were 
tried.  
 
The first method consisted of wrapping a thin gauge platinum wire around the edge of the 
spine. Tests showed a clearly defined, distinct spike in platinum when the laser hit the 
wire, so this was a clear indicator of the edge of the spine. However, since the wire was 
wrapped around the edge of the spine the data included measures past the inner dentine. 
The spine material past the last annuli comprised the outer dentine and enamel layers, 
which are not chronologically related to the annuli measured in the inner dentine (Figure 
6). This method also required the use of a thicker spine segment, which was too thick to 
allow transmission of light. Therefore, I was unable to view the annular marks during this 
process. Finally, from a practical standpoint, it was very difficult to get the wire wrapped 
around the spine, and at the scale used, even small gaps were disruptive. Due to these 





Figure 6. Platinum wire wrapped around spine cross-section. 1 = spine core, 2 = last 
annuli, 3 = platinum wire wrapped around spine. 
 
The second method was similar to the platinum wire method in that it involved tagging 
an endpoint with a measurable marker. This method involved applying a marker along 
the outer edge of the inner dentine using titanium-based paint (Testors FS34258 green 
model paint). As with the previous method, the paint showed a distinct signal when the 
laser reached it. This method also solved the issue of sampling area as it could be used 
with the thin cross-sections so the inner dentine could be sampled. However, at the small 
scale of this work it was not possible to accurately paint along the inner dentine 




The final method involved running some transects to the outer boundary of the inner 
dentine and running others past this boundary to the edge of the spine. Strontium 
measures from adjacent corresponded to each other, therefore, the end of the transect was 
delineated as the point of divergence of the two sets of lines. Because of its utility and 
feasibility, this method was selected for use throughout the experiment. 
 
DIRECTION OF SCAN 
To determine if trends in deposition along the course of the transect resulted from an 
instrument artifact, the scans were performed on a test spine in opposite directions; from 
the edge inward and from the inner dentine outward. All other settings were consistent. 
The scans made in reverse showed the opposite trend seen in the standard scan. This 
suggests that trends observed in the data are from real metal concentrations and not an 
artifact of the sampling method. 
 
TIME RESOLVED VERSUS SPECTRUM MODE 
The ICP-MS can be run in several different collection modes. The modes most applicable 
to this type of analysis are spectrum mode and time resolved mode. Spectrum mode was 
used for this study. This mode examines several mass peaks for each element. Time 
resolved mode measures one mass for each element, but collects data at a faster rate. 
Time resolved mode was run on a few spines to examine its usefulness for future studies. 
The time resolve results were similar to those seen in spectrum mode, with the exception 
that there were more data points. In spectrum mode, the analysis generated 14 points, 
while time resolve generated 245 points. For future studies, I recommend the use of time 
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resolved mode as it generates a far greater amount of data with no apparent difference in 
accuracy or resolution. Additionally, the increased analysis speed would allow for a 




RESULTS AND DISCUSSION 
EVALUATION OF DETECTION AND QUANTITATION LIMITS 
Lead, chromium, and cadmium were all found to be below the detection limit. Copper 
was present between the detection and quantitation limits. Zinc and strontium were both 
present at concentrations above their quantitation limits (Tables 1 and 2). The mean 
detection limits and quantitation limits were 3.42 mg chromium/kg and 11.4 mg 
chromium/kg, 0.77 mg copper/kg and 2.56 mg copper/kg, 3.00 mg zinc/kg and 9.99 mg 
zinc/kg, 14.2 mg strontium/kg and 47.4 mg strontium/kg, 1.00 mg cadmium/kg and 3.34 
mg cadmium/kg, and 4.44 mg lead/kg and 14.8 mg lead/kg, respectively.  
 
Ranaldi and Gagnon (2010) and Tillett et al. (2011) were able to generate lower detection 
limits for zinc, strontium, cadmium and lead in fish. Being able to generate lower limits 
within this study may have resulted in detection of cadmium, lead, and chromium. The 
use of a multicollector ICP-MS array (as opposed to a quadrupole array) or the use of an 
electron microprobe to sample the spines may allow for greater sampling sensitivity and 
resolution. Berik and Kahraman (2012) showed higher metal accumulation in the liver of 
S. acanthias than in cartilage and muscle tissues, which suggests that some metals may be 






Table 1. Detection and quantitation limits in mg/kg of chromium, copper, and zinc for 
individual spines based on blank and NIST 614 measures. 
Shark Chromium Copper Zinc 
 Detection Quantitation Detection Quantitation Detection Quantitation 
A 2.777 9.256 0.626 2.086 1.454 4.845 
B 3.786 12.621 0.747 2.491 1.673 5.577 
C 1.868 6.227 0.716 2.388 1.849 6.163 
D 1.911 6.371 1.150 3.833 4.121 13.737 
E 3.977 13.256 0.679 2.263 2.159 7.196 
F 2.657 8.857 1.055 3.516 3.481 11.603 
G 2.127 7.090 0.704 2.347 1.389 4.629 
H 3.643 12.142 0.906 3.019 7.229 24.098 
I 2.726 9.086 0.789 2.629 2.138 7.128 
K 2.863 9.543 0.478 1.594 1.501 5.003 
L 4.295 14.315 1.036 3.453 5.610 18.699 
M 3.092 10.307 0.639 2.128 1.386 4.619 
N 5.178 17.261 0.762 2.540 5.065 16.882 
O 4.053 13.511 0.681 2.269 4.890 16.298 
P 3.942 13.142 0.619 2.064 1.732 5.772 
Q 4.850 16.166 0.688 2.294 2.226 7.419 
R 4.016 13.387 0.797 2.658 4.308 14.359 
S 3.749 12.498 0.713 2.378 1.738 5.795 
Mean 3.417 11.391 0.766 2.553 2.997 9.990 
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Table 2. Detection and quantitation limits in mg/kg of strontium, cadmium, and lead for 
individual spines based on blank and NIST 614 measures. 
Shark Strontium Cadmium Lead 
 Detection Quantitation Detection Quantitation Detection Quantitation 
A 9.370 31.235 0.787 2.623 2.739 9.131 
B 16.289 54.296 0.876 2.920 4.515 15.051 
C 21.444 71.479 0.880 2.935 6.384 21.280 
D 19.713 65.711 1.087 3.622 2.824 9.415 
E 12.928 43.093 1.153 3.843 1.197 3.991 
F 21.099 70.330 0.994 3.314 5.436 18.119 
G 13.991 46.636 0.910 3.033 1.587 5.291 
H 27.659 92.198 1.419 4.731 3.919 13.065 
I 18.188 60.625 1.042 3.474 11.108 37.025 
K 5.499 18.331 0.920 3.067 4.603 15.344 
L 13.016 43.386 0.951 3.171 4.114 13.713 
M 12.974 43.248 1.208 4.025 11.968 39.894 
N 8.230 27.433 1.047 3.490 0.741 2.468 
O 13.715 45.716 1.032 3.440 3.448 11.493 
P 10.051 33.504 0.853 2.843 1.168 3.893 
Q 8.210 27.366 0.881 2.935 1.054 3.513 
R 14.469 48.231 1.089 3.628 11.480 38.267 
S 9.094 30.314 0.886 2.953 1.576 5.255 




TRENDS IN ZINC AND STRONTIUM TRANSECT DATA 
Median graphs for each spine were observed to look for chronological trends in the 
transects. Concentrations of zinc within the spines ranged from approximately 80 to 575 
mg/kg (Figures 7-23). There were no consistent trends in zinc concentration within spine 
transects. It is possible that the natural variability of zinc in the sharks is such that no 
determining patterns emerge. As zinc is an essential micronutrient, the amount of zinc 
laid down in the spines may be inversely related to the sharks need for this nutrient and 
factors other than age may dictate this need. When the shark has an excess of zinc, there 
may be greater deposition into the spine. 
 
Concentrations of strontium within the spines ranged from approximately 960 to 7350 
mg/kg (Figures 25-40). The strontium concentrations in the spines all showed a pattern of 
decreasing concentration with age, where lower concentrations were found in the most 
recent parts of the spine (oldest age) and higher concentrations were found at the older 
parts of the spine (youngest age). This trend is most evident in the most recent five years 
(figure 41), where a steep change is seen in this part of the spine. If metals incorporated 
into the spine matrix are re-mobilized and leaching over time, the oldest parts of the spine 
(relating to young age) would show reduced concentrations in all analytes. However, 
whether a metal is re-mobilized may be dependent on the properties of the metal.  
 
Results from this study show elevated levels of strontium in parts of the spine relating to 
young age, suggesting that this metal is not being re-mobilized. The gradual decrease 
may be caused by changes in behavior and diet, which could result in different exposures 
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to strontium. Minute blood vessels in the dentine, called canaliculi (Tovar-Avila et al. 
2007), were observed radiating outward from the pulp cavity. It may be that some metals 
are continuously deposited over time via these canaliculi. The reason for the steep decline 
in strontium observed in the most recent years may be that strontium is still actively 
being deposited in this dentine, while dentine farther away from the pulp cavity may 
receive lower concentrations of metals. If this is the case the lower strontium 
concentrations in recent years would be expected as this dentine has not experienced the 
continual deposition for as long as older areas. 
 
Fish exposure to strontium comes from both water and diet, although diet is thought to 
contribute only a small fraction of strontium exposure (Kraus and Secor 2003). While 
concentrations of strontium in marine waters tend to stay consistent, steep gradients of 
strontium have been observed in estuarine environments (Kraus and Secor 2003). A 
positive correlation is seen between salinity and both concentrations of strontium in water 
and concentrations deposited into biological structures such as otoliths (Secor and Rooker 
2000). Temperature also influences the concentrations of strontium seen in water, but is 
thought to be less important than water chemistry (Kraus and Secor 2003). 
 
During method development the potential for differences in the left versus right sides of 
the spine were examined. Initial observations with practice spines suggested that there 
were no differences from side to side. In a few spines, there appears to be a separation 
between right and left sides. It is unknown whether this is a real difference, however, 
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Figure 7. LA-ICP-MS transects for zinc from shark A. Shark length = 693 mm. 
 
 






Figure 9. LA-ICP-MS transects for zinc from shark C. Shark length = 818 mm. 
 
 
Figure 10. LA-ICP-MS transects for zinc from shark D. Shark length = 750 mm. Due to 






Figure 11. LA-ICP-MS transects for zinc from shark E. Shark length = 648 mm. 
 
 






Figure 13. LA-ICP-MS transects for zinc from shark H. Shark length = 706 mm. 
 
 






Figure 15. LA-ICP-MS transects for zinc from shark K. Shark length = 901 mm. 
 
 






Figure 17. LA-ICP-MS transects for zinc from shark M. Shark length = 773 mm. 
 
 






Figure 19. LA-ICP-MS transects for zinc from shark O. Shark length = 870 mm. 
 
 






Figure 21. LA-ICP-MS transects for zinc from shark Q. Shark length = 984 mm. 
 
 












Figure 24. LA-ICP-MS transects for zinc from all sharks and estimated corresponding dates. Dates were estimated by dividing the 




Figure 25. LA-ICP-MS transects for strontium from shark A. Shark length = 693 mm. 
 
 






Figure 27. LA-ICP-MS transects for strontium from shark C. Shark length = 818 mm. 
 
 






Figure 29. LA-ICP-MS transects for strontium from shark E. Shark length = 648 mm. 
 
 






Figure 31. LA-ICP-MS transects for strontium from shark G. Shark length = 631mm. 
 
 






Figure 33. LA-ICP-MS transects for strontium from shark I. Shark length = 763 mm. 
 
 






Figure 35. LA-ICP-MS transects for strontium from shark M. Shark length = 773 mm. 
 
 






Figure 37. LA-ICP-MS transects for strontium from shark O. Shark length = 870 mm. 
 
 






Figure 39. LA-ICP-MS transects for strontium from shark R. Shark length = 978 mm. 
 
  






Figure 41. LA-ICP-MS transects for strontium from all sharks and estimated corresponding dates. Dates were estimated by dividing 
the number of points in the ICP-MS analysis by the counted age of the shark.
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VARIABILITY BY SEX AND CAPTURE LOCATION 
All the variables measured are broken up into two types: continuous and categorical. 
Continuous variables are defined as variables which have values that can fall anywhere 
between a theoretical minimum and maximum value. Categorical variables are defined as 
variables, which were defined using names instead of measured numbers. In this study, 
metal area under the curve, length, and age were considered as continuous variables and 
sex and capture location were considered as categorical variables. Visual observations of 
the boxplots (Figure 42) indicate that the degree of overlap of length, metals and age 
between sexes will prevent distinction by sex. Location of capture shows less overlap of 




Figure 42. Boxplots of length, age and total area under the curves (AUC) for zinc and 
strontium by location and sex. Boxes show the 1st to 3rd quartile range and the whiskers 
show the minimum to maximum range. 
 
Total quantities of zinc and strontium differed according to location (Kruskal-Wallis, p ≤ 
0.05) (Table 4). Between metals, zinc showed stronger significance. Length also differed 
according to location. Larger fish were observed to have higher total metal accumulation. 
There was no significance between sex groups for any of the continuous variables. These 




Table 3. Pairwise comparisons of mean total metal accumulation, size, and age according 
to sample location and sex (Kruskal-Wallis). 
Means by location 
Variable Bellingham Bay Burrows Bay Chi-square Probability 
Zinc AUC (mg) 4843 3032 10.746 0.00105 * 
Strontium AUC (mg) 74229 50331 8.983 0.00273 * 
Length (mm) 973.3 730.6 10.746 0.00105 * 
Age (years) 23.2 18.6 2.125 0.145 
 
Means by sex 
Variable Male Female Chi-square Probability 
Zinc AUC (mg) 2756 3974 3.326 0.0682 
Strontium AUC (mg) 48835 61936 2.043 0.153 
Length (mm) 753 834 0.547 0.460 
Age (years) 18.2 20.9 0.551 0.458 









RELATION AMONG METALS, AGE, AND SIZE 
All four continuous variables showed significant correlations (p-values ≤ 0.05) (Table 3). 
All correlations showed positive trends between each variable. This fits with what would 
be expected. Older sharks are expected to be larger and also contain more annuli, which 
would result in more metal measures and greater area-under-the-curve values. 
 
Table 4. Relations among metal concentrations, sizes, and ages. 
Variables Kendalls Tau Probability 
Zn AUC vs. Sr AUC 0.673 2.967e-5 * 
Length vs. Zn AUC 0.699 1.175e-5 * 
Length vs. Sr AUC 0.712 7.186e-6 * 
Age vs. Zn AUC 0.428 0.0148 * 
Age vs. Sr AUC 0.535 0.00231 * 
Age vs. Length 0.575 0.00106 * 




Figure 43. Correlation plots of shark length, age, and total quantity of zinc and strontium.
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DISTRIBUTION OF METAL CONCENTRATIONS, SIZE, AND AGE 
A visual evaluation of the distributions of each continuous variable by sex and location 
(Figures 44-47) did not generate any recognizable patterns. This may be due, in part, to 
the low numbers within each group. 
 
 

















 PREDICTION OF SEX AND SAMPLE LOCATION 
Cluster analysis was used to investigate whether length, age, or total zinc or strontium 
would be good predictors of sex or location for Spiny Dogfish. The kmeans clustering 
procedure generated the same group assignments four out of the five times it was run. 
The run that was not identical still generated cluster means similar to those of the other 
runs (Table 5). This clustering procedure was performed five times because kmeans 
computes distances between each variable simultaneously and then moves the points to 
try and minimize the distance between each variable, which can generate different results 
with each run. Five trials were considered enough to distinguish the most common 
clusters. The cluster number is arbitrary, but the mix of sharks in a given group gives an 
indication of how well predictions can be made. The resulting associations grouped males 
together; however, females were assigned evenly between each group (Table 6). This is 
likely because there was a wider degree of variability seen in females than in males. The 
wide variability in females created overlap with males, especially in length and age. 
 
The cluster means grouped most sharks correctly by their actual catch location, correctly 
identifying 83 to 89 percent of the sharks (Table 7) over the five runs. Pearson’s chi-
squared test was performed each run to test the significance of the resulting groupings. 
Location group associations appear to be based on patterns in the data, but the cluster 
groupings related to shark sex may be an artifact (Table 8).  
 
Hierarchical clustering generated similar results to the kmeans clustering in that the 
clustering failed to separate the sharks by sex (Figure 49). Hierarchical clustering 
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generated groupings based on location, with few misclassifications (Figure 50). Length, 
age, and total metal accumulation may be good predictors for shark location, but not 
shark sex (Figures 48, 49, and 50). This agrees with the findings on the variance of age, 
length, and total metal accumulation. 
 
Table 5. Kmeans cluster means by group for each of five runs. Sharks are placed into two 
groups based on similarity of length, age, and metal area under the curve. 
Kmeans 
Analysis 








1 1 956 25 4640 73326 
 2 720 17 2996 48732 
2 1 758 18 3195 51873 
 2 998 27 5178 80780 
3 1 956 25 4640 73326 
 2 720 17 2996 48732 
4 1 956 25 4640 73326 
 2 720 17 2996 48732 
5 1 956 25 4640 73326 





Table 6. Kmeans clustering of groups by sex. The number of sharks in each cluster group 
are compared to the categorical grouping of sex. The great degree of overlap of sexes 
between cluster groups suggest that length, age, and metal area under the curve are not 
good predictors of sex. 
Kmeans Analysis Sex Groups Cluster 1 Cluster 2 
1 Female 6 7 
 Male 1 4 
2 Female 9 4 
 Male 5 0 
3 Female 6 7 
 Male 1 4 
4 Female 6 7 
 Male 1 4 
5 Female 6 7 













Table 7. Kmeans clustering of groups by location. The number of sharks in each cluster 
group are compared to the categorical grouping of capture location. The limited overlap 
of capture locations between cluster groups suggest that length, age, and metal area under 
the curve are good predictors of shark capture location. 
Kmeans Analysis Location Groups Cluster 1 Cluster 2 
1 Bellingham Bay 5 1 
 Burrows Bay 2 10 
2 Bellingham Bay 2 4 
 Burrows Bay 12 0 
3 Bellingham Bay 5 1 
 Burrows Bay 2 10 
4 Bellingham Bay 5 1 
 Burrows Bay 2 10 
5 Bellingham Bay 5 1 













Table 8. Results of Pearson’s Chi-Squared Test with Yates’ continuity correction for 
kmeans clustering based on metal content, length, and age. Null hypothesis states that 
groups association is random. 
Kmeans Analysis Cluster Group Chi-squared Probability 
1 Sex 0.230 0.631 
 Location 4.938 0.0263 * 
2 Sex 0.598 0.439 
 Location 6.790 0.00917 * 
3 Sex 0.230 0.631 
 Location 4.938 0.0263 * 
4 Sex 0.230 0.631 
 Location 4.938 0.0263 * 
5 Sex 0.230 0.631 
 Location 4.938 0.0263 * 




Figure 48. Kmeans clusters comparing variables for sex and location groups. 










Figure 50. Dendrogram based on hierarchical clustering and labeled by location. 
 
The results of the above analyses suggest that there are differences in size, age, and metal 
content between the samples of sharks from Bellingham and Burrows bays, but not 
between sexes. The sharks may have experienced varying exposures between these sites 
as a function of environmental factors. Variations in shark size may also have contributed 
to this difference. It seems unlikely that this difference would be the result of biological 
factors such as metabolism. While it is suggested that the sharks tend to stay within their 
basin (Taylor et al. 2009), it is unlikely that each basin’s stock has been isolated. 
Movement between basins is even more likely as the sharks sampled were from 
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neighboring basins. However, there was also a difference in length between locations, 
and length and total metal accumulation are significantly correlated. Therefore, the 
differences in AUCs are likely a function of the shark size. The differences in size 
between the sample locations pose the question as to whether there is a real distinction in 
the size distribution between these two basins, or if this is more likely a result of the 





As a sampling method to collect the dorsal spines of Spiny Dogfish, this method is 
effective as a non-lethal alternative to destructive sampling. While the long-term survival 
of the sharks sampled from Burrows Bay is unknown, the limited physical damage and 
handling stress inflicted on each shark and their condition upon release suggests this 
sampling method poses little long-term risk to the sharks.  
 
The use of LA-ICP-MS identified two of the six metals tested that showed significant 
concentrations. For these two metals, zinc and strontium, it effectively measured the 
chronology of metal accumulation associated with age of the shark. However, due to the 
uncertainty that some metals may continue to be deposited over time and some metals 
may be re-mobilized, studies into the behavior of these incorporated metals are needed. 
 
For future studies, the use of time resolve mode instead of spectrum mode may yield 
greater chronological resolution as well as allow for a greater range of metals to be 
analyzed. Better quantitation and detection limits may allow for insight into the 
accumulation of lead, chromium, cadmium, and copper. The use of an electron 
microprobe or multicollector ICP-MS may allow for better data collection. Comparing 
tissue or whole body concentrations of metals to those found in the spine could make data 
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Shark Sex Length 
(mm) 
Weight (kg) Location Age (internal 
annuli) 
A Female 693 1.33 Burrows Bay 15 
B Male 780 1.87 Burrows Bay 21 
C Male 818 2.13 Burrows Bay 22 
D Female 750 1.98 Burrows Bay 22 
E Female 648 1.13 Burrows Bay 18 
F Female 555 0.68 Burrows Bay 12 
G Male 631 1.11 Burrows Bay 14 
H Female 706 1.30 Burrows Bay 16 
I Male 763 1.73 Burrows Bay 16 
J Female 719 1.59 Burrows Bay 17 
K Female 901 3.86 Burrows Bay 28 
L Female 749 1.76 Burrows Bay 21 
M Male 773 1.90 Burrows Bay 18 
N Female 955 NA Bellingham Bay 22 
O Female 870 NA Bellingham Bay 14 
P Female 1040 NA Bellingham Bay 25 
Q Female 984 NA Bellingham Bay 31 
R Female 978 NA Bellingham Bay 17 
S Female 1013 NA Bellingham Bay 30 
 
